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Total crack length of the CT specimen measured from the load point
Crack length-to-width ratio; a zero subscript denotes an initial value
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Specimen width at load point

Specimen width at the measuring point
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CRACK-LENGTH DETERMINATION FOR THE COMPACT TENSION-SPECIMEN
USING A CRACK-OPENING-DISPLACEMENT CALIBRATION

INTRODUCTION

Although at present no standardg are avai Lbl for fatigue crack-growth-rate (FCGR)
testing, consmlerable research effort is being expended in this dlrectxon In-March of 1970
a special Task Group (E24.04.01 on Fatigue Crack Growth Rate Testing) was organized
within Subcommittee 4 (Subcritical Crack Growth) of ASTM Committee E-24 on Fracture
Testing of Metals to provide the basic information required for the development of a rec-
ommended procedure for FCGR testing, This ASTM Task Group has conducteéd.a success-
ful extensive interlaboratory (round robin} testing program to identify and’ characterize
the sources of variability and bias inherent in FCGR testing. A Task Group report on
this program has been published [1].

The ASTM round-robin program used optical surface measurements to determine
crack length in two types of fracture mechanics specimens, center-cracked: tension’ (CCT)
and compact tension (CT). The ASTM Task Group report [1] identifies crack-length
determination as a primary source of variability in FCGR testing. In addition.to being
error prone, due to operator bias and crack-front irregularity, visual determination of
crack length is time consuming and incompatible with the {rend towards automated
testing,

An alternative mai‘hod, meagurement of the vrnnlz-_opeulng dlsplacement I{COE\ and

determination of crack length from a normalized calibration curve of EB[COD] /P vs a/W,
has several distinct advantages over optical techniques. The COD measurements average
out crack-front irregularities which may not be apparent from optical surface. observations,
include the plastic zone in estimations of crack length so that in the calculation of AK no
correction for the plastic zone need be made, and readily provide an analog:signal for
instrumented testing.

Although this technique has been used reliably for determining crack: gi‘o‘v’vth in thin-
;%et plane-stress K, specimens [2], its application to crack growth under Lyuut.. loading
neither widespread nor well documented. To insure confidence in its reliabili
gram was inaugurated to develop a suitable calibration curve for the ASTM E24
specimen. This could then be used in a series of tests on different alloys to compare. to
the results of optically and COD-calibration-determined crack lengths and theé subsequent
da/dN vs AK log-log plots.

Note: Manuseript submitted March 28, 1975,




A. M. SULLIVAN
EXPERIMENTAL CONSIDERATIONS
Material

Alloys from three different metal systems—aluminum, titanium, and steel—were
used for these tests. These are described in Table 1.

Tahle 1
Specimens Used for the Calibration
. ajwW
Material Th?:kt;ess ‘;{y*.f. . Kikc
.} 1920030035040 050|060 | & | (sivin)
T075-T6 0.25 X X X 82 25
aluminum 0.50 X X X b4 x
2024-T351 0.25 X X X X 49 31
aluminum 1.00 X X X X X
Ti-6AL4V 0.50 X X X b4 135 Y
4340 steel 1.00 X b4 X x 180 150

*Nominal value,

Specimen Configuration

The CT specimen was used and is shown in Fig. 1. This specimen is not only eco-
nomical of material but also of testing-machine loading capacity. The dimensions shown
here were chosen to conform with those selected for the ASTM round-robin program {1]
30 that comparative data could be produced. Specimens were prepared with machined
notches conforming to various a/W values, as outlined in Table 1.

Test Procedure

Each specimen was extended in tension to a load predetermined to be well below
that required for Kj, determination so that an elastic response could be insured.

The COD measuremenis were made using an MTS clip gage, the notched arms of
which fit over knife edges screwed onto the specimen to straddle the mouth of the slit
(Fig. 2). Knife-edge separation was 0.475 in. (11.8 mm) but measurement was over 1.1
in. {27.5 mm), the position of the first set of holding screws. Although a more recent
model of this gage with a knife-edge separation of 0.2 in, (5,1 mm) and holding-screw
separation of 0.8 in. (20.4 mm) is considered preferable, it is unlikely that this minor
difference will affect the calibration.

Signals from the sirain-gage circuit were fed into a Hewleit-Packard XY recorder to-
gether with those from the load cell of a 100-kip-capacity MTS closed-loop testing machine.

2
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Fig. 1—Configuration of the compact tension specimen

Fig. 2—Specimen with the clip gage attached
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The specimens were positioned in the pin-loaded grips of the testing machine, three
loadings and curve traces being made to the appropriate maximum load. The specimens
were then removed and repositioned in the grips, and three more loadings were made.
Figures 3a and 3b show typical traces of P vs COD,

=000 N~
3 —
oy ~ e a2t -~z Fa .Y PV =l
a/w U.cu LLOW V.o [PV WOV
72—

LOAD P (103 1)

_ =
W=

(a) 7075-T6 aluminum, B = 0.50 in.

— Q030 iN—-i
- o/w 0.30 035 040 0.50 060

My,
Y/

(b) 2024-T351 aluminum, B = 1.00 in

I

1

LOAD P (10% 1b)
<J~l

{

Fig. 3—Experimental load-vs-displacement curves {P vs COD)
for two series of calibrations
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Data Reduction

Angles of the load-COD curves were read using a drafting machine. The angle co-
tangents, multiplied by appropriate 45°-angle units, modulus E, and thickness B, give
values of EB[COD]/P. Since exact values of E were not known for all materials, data
from aluminum alloy 7075-T6 were used as standard values, material E being calculated
as

[EB[COD]]
EMaT = |— 5% —

[B[CIE)D]] ) 1
7075-T6 MAT ‘

Values of E determined in this manner were used to normalize 2024-T351 aluminum,
Ti-6Al-4V, and 4340 steel data. Values for each set of runs for each material are listed
in Table 2. Average values for all four materials are listed in Table 3. Data appeared to
be very reproducible,

COD CALIBRATION CURVE

A calibration curve of EB[COD]/P vs a/W, using average values, is presented in
Fig. 4. To determine unknown crack-length values, the reciprocal slope; OD] is
calculated from the P-vs-COD curve and normahzed using values of thickness B and mod-
ulus E for the particular specimen under test, The value computed for the (a/W)o trace
is compared with the calibration value, and adjustments are made in the values calculated
after crack growth has occurred. Then a/W is read on the calibration curve for this value
of EB[COD]/P, and a is calculated from the particular specimen width W, provided that
the half-height-to-width ratio, h/W, remains constant. Crack-growth increments of 0,025
in. (0.6 mm) or more are rehably measured using this procedure.

120

T i 1 T
COMPACT TENSION SPECIMEN

o | o T :

1 o [ l )

l_ W—— ]
Y L -
40 | :3200 N .
W=2550 ©
H=2.480 ©
20 .
0 1 L | | l

Fig. 4—Normalized calibration curve, EB[COD]/P vs a/W
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Table 2
Calibration EB[COD] /P Data® From All Tests
. & a]IW
Material Thg:llfr;ess E( X 1.0)

: p-8.1. 0.20 { 0.30 | 0.35 | 0.40 | 050 | 0.60
7075-T6 0.2h7 10.4 -~ 32.7 38.8 47.8 — —
aluminum 0.25% 10.4 — 32.1 38.4 47.5 — -

Average: 10.4 — 32.4 | 38.6 } 476 — -
0,50t 10.4 20.7 31.9 39.4 — 73.2 | 113.6
0.507F 10.4 20.9 31i.8 39.4 — 72.3 | 1138
Average: 10.4 20.8 31.8 39.4 — 72.7 1 11348
Grand
Average: 10.4 20.8 | 32.1 | 39,0 ; 476 1 727 | 11386
2024-T351 0.25% 10.7 - 32.1 39.2 47.6 72.3 —
aluminum 0.25% 10.7 — 31.8 39.1 48.2 72.5 —
Aversge: 10.7 — 320 1 392 | 4791 724 -
1.0071 10.6 — 32.2 39.1 46.8 72.7 | 117.0
1.00% 10.6 — 31.8 39.1 46.4 72.5 1 113.7
Average: 10.6 — 32.0 39.1 46.5 726 1 1138
Grand
Average: 10.7 — 320 ; 3921 ] 468 1 726 | 1138
Ti-6A-4V 0.507 i6.1 — 1.7 389 | 474 74,4 —
0.50% 17.0 - 31.8 382 47.1 74.0 —
Average: i6.6 — 31.8 | 386 | 472 | T4.2 —
4340 steel 1.00t 30.4 — 32.2 39.5 48.8 72.0 —
1.004 29.9 — 32.0 39.2 48,1 72,4 -
1,008 30.2 — 32.0 389 | 47.8 72.3 -
Average: 30.2 — 32.1 39.2 48 2 72.2 —
*At each value of a/W, three traces (P vs COD) were made and values averaged to give EB[COD/P
T Pirst set of calibration curves.
tSecond set of calibration curves,
§Third set of calibration curves,
G
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Table 3
Grand Average Calibration of EB[COD] /P
E X 106 /W
Material (5L
PeA s 026 { 0.30 [ 0.35 { 040 | 050 | 0.60

7075-T¢
aluminum 10.4 20.8 32.1 39.0 47.6 72.7 113.6
2024-T351
aluminum 10.7 - 32.0 39.1 46.6 72.6 113.8
Ti-6Al4V 16.4 — 31.8 38.6 47.2 742 | —
4340 steel 30.2 — 32.1 39.2 48.2 72.2 =

20.8 32,0 39.0 474 72,9 | 113.7

avg. avg avg avg. ave. ~ avg.

To minimize operator bias and further advance the prospect of automatlon ‘a poly-
nominal expression has been fitted to the data points to give

EB[COD] _ 2
= = -14.07 + 278.2
2 3
a ’ .
~726.0 (%) + 1036.0 (W) . (2)
or
a\ EB[COD])
(‘W)’ ~0.06209 + 0.01520( 5
EB[COD]\’ EB{CODI\
~0.000141 (——-%-——) + 0.000000524 (—-——1;—-—*) : (3)

Values computed from these expressions compare favorably with those experimentally
determined (Tables 4a and 4b)., Further, values of a/W determined by Eq; (3) from the
same set of P-vs-COD curves read by two operators and evaluated for EB[OOD][P ‘were
virtually identical, whereas estimates from the curve were somewhat discrepant.

COMPARISON WITH CALCULATED COMPLIANCE VALUES

N e Pt et

The measurement of COD must not be confused with compliance measurement,
Compliance is an energy measurement from which values of § (and thereby K) ‘can be

T
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Table 4a
Comparison of Calibration and Calculated
Values of EB{COD] /P

alW Calibration Calculated
0.2 20.8 20.8
0.3 32.0 32.0
0.4 47.4 47.4
0.6 T2.9 73.0
0.6 113.7 115.2
Tabie 4b
Comparison of Calibration and Calculated
Values of a/W

EBICOD] /P Calibration Calculated

20 0.195 (.190
40 0.355 0.354
60 0.450 0.455
80 0.520 0.520
100 0.570 0.572

determined {8]. Manipulations of the equations involved can give the shape of the com-
pliance curve relative to a/W as follows:

{a} K calculation for the CT specimen [4]:

po)
L

K = g 8Y2Y, @

when /W = 0,486,

2 3 4
Y, = 30,96 - 1956.8 = + 730.6 (—a—) - 1186.3 (,f};,) + 754.6 (9-) , (B

W W W

where

B = specimen thickness

W = specimen width

h = half genecimen haicht

h = half specimen height

a = crack length
and

T = land

L N AW X LV §

Some values of Y are listed in Table 5.
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Table b
Values of Correction Factor Y,
a/W Ya Tr a/W Yﬂ
0.20 12.74 0.40 12.93 |
0.30 12.06 0.50 14.58 -
0.35 12.39 0.60 18.05
{b) K compliance relationship:
(7 9)
) EfpY R P W
KzE@"z"(BW)W da ’
where
E = Young’s Modulus
and
2V = total displacement.
To equate these expressions, Eq. (4) becomes
R S VD
K = BW WYYy, ,
where
a 1/2 a 3/2 5,
= a - 2 2
Yy, = 296 (W) 185.8 (W) + 655.7 (W)
a 9/2
+638.9 (W) .
Equation (6) becomes
. a(BY zz)
P W
2. ge =2 (X
K EG 3 (BW) w N .
(3)

Then

(6)

(7

(8)

(9)



so that finally

and
(Yp)? =
Integrating:
and
EB[2V] _
5 =

A. M, SULLIVAN

2
a a a
958.562 W 12,123.94 (W) + 83,5676.40 (W

4
_ a
359,658.66 (w)

5]
&
+ 1,045,056.27 (W)
] i
a a
2,028,922.92 (’W) + 2,508,929.21 (W)

8 9
a a
1,790,363.96 (W) + 569,421,16 (‘W‘) .

EB{2V] _ 2. [a
LY f de(w),

2

a
479.26 (W)

5 6
2 a
~71,911.73 (W) + 174,176.04 (W

T 8
2 2
289,846.13 (W) + 313,741.15 (W)

) it
il a
-198,929.32 (W) + 56,942.12 (W) + C,

i0

3
‘a a
- 4,041.31 (W) + 20,894.10 (W

(10)

(11)

(12)

(13

(14)
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where C is the constant of integration and can be neglected since slopes only are used in
the calculations.

The values of EB[2V]/P determined in this manner are those at the loading point,
that is, directly under the pins. However, the measurement of COD is at the crack
mouth, which is at a fixed distance from the load point; therefore, values:of 2V are
computed for this position by triangulation: ‘

EB[2V]
P -

™,
HiTa3a il 5 Dl

(15)

a’

_ [EB[ZV]] a+ (Wr~W)
1T T a T
t toad p

nnint
SNy

Values of this correction factor CF are provided in Table 6, and comparaﬁiire' values are
contained in Table 7.

Table 6
Correction Factor CF From the Load Point to the Measuring Point

W= 2.55; Wp = 3.20; h/W = 0.486;
CF = [a+ (Wp— W)]/a = (a+ 0.650)/a

a/W a a + 0.6500 CF

0.20 0.5100 1.1600 2.274‘5 ”

0.30 0.7650 1.4150 1.8500

0.35 0.8925 1.5925 1.7283

0.40 1.0200 1.6700 1.6372

0.50 1.2750 1.9250 1.5098,~ |

0.60 1.5300 2.1800 1.4248
Table 7

Comparative Value; of EB{COD]/P and
EB[2V]/P; h/W = 0.486

EB_ [Z_V] wnoratrl
EB[COD] —p | LBL2V]
P’ P

ajw Calculated

Calibration at the Calc;t;l; ted

Value Measuring Loj; g Pgint
Point s
0.20 20.8 24.6 10.8
0.30 32.0 33.6 18.2
0.35 39.0 39.6 22.9
0.40 47.4 47.5 29,0
0.50 72,9 69.4 46.0
0.60 113.7 100.5 70.6
11
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Table 8 contains values of the derivative computed from Egs. (18}, (14), and {15)

and compared with those determined graphically from Figs, 4 and &.

a/W

Fig. 5—Comparison of the normalized calibration
curve with the computed compliance curve

12

Table 8
Comparative Values of the Derivatives; h/W = 0.486
d(EB[2V]/P) | d(EB[2v]p) [SEBICODI/E)
d{EB[2V1/P) dawy 'l Tdewy | @w)
d{a/W)
afW From the Curve | From the Curve Fron;;};;furve
Computed at the at the . :
Load Point Measuring Point Calibration
Values
4.20 64.8 42.4 53.6 2.8
0.30 87.2 89.1 1178 129.8
0.35 107.4 110.8 134.9 164.8
(.40 133.7 134.4 181.3 189.8
0.50 212.5 200.0 247.0 280.6
0.60 391.0 346.4 320.1 401.1
20 T T T T 7 ]
CALIBRATION COD ©
CALCULATION 2V x MEASURING POINT
jool. CALCULATION 2V  + LOAD POINT .
. Bof
Rlo 4
Bl sk /
©
Sla
B 401+ -]
201 A
On n : n«i nI: e y 4
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From Eq. (5):
P . 1/2 =Y (18
Bw W ’
1/2 =
Yp = (—%) Y, 17
From Eq. (6):

(18)

These normalized values are compared in Table 9. Calculation frorri.-Eq-.‘ (18) is re-
dundant but serves to check the arithmetic which is cumbersome.

Table 9
Comparative Values of K(P/BW)"1W-1/2 = /1/2[d(EB[2V]/P)/d(aW)]; h/W = 0.486
From the From the | From the
From Y, and From the M Measured Slope:|Measured Slope
easured Slope :
a/W | Egs. (1), (2), Computed at the at the - of the
(3), and (14) Derivative L . Measuring . - Calibration
oad Point Point -~ Curve
0.20 5.7 5.7 4.6 5.2 : 6.0 .
0.30 6.6 6.6 6.6 7.6 8:1
0.35 7.3 7.3 7.4 8.2 9.1
0.40 8.2 8.2 8.2 9.5 _ 9.9
0.50 10.2 10.3 10.0 11.1 - 11.9
0.60 14.0 14.0 13.2 12.6 14.2

CONCLUSIONS

® Normalized calibration curves of EB[COD]/P vs a/W determined from-GT speci-
mens of varied thickness representing three alloy systems compare accurately with one
another. '

® Therefore a “master curve” from these calibrations can be used to'=deﬁerihe crack
length with the ASTM E24.04 CT specimen.

@ This COD calibration curve is not to be confused with the compliance curve, the
derivative of which can be used for the computation of fracture resistance K values.

13
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From Eq. (B):
—_ = _ub (16}
Wwi/2
1/2
= /.E.\ , (17
+ 0D \W} +a LY F
From Eq. (6):
e
d (__.‘E __Y)
5. /B _\F W/ (18)
— w12 a
BW W d ('w')

These normalized values are compared in Table 9. Calculation from Eq. (18) is re-
dundant but serves to check the arithmetic which is cumbersome. :

Table 9
Comparative Values of K(P/BW)"1W-1/2 = /1/2[4(EB[2V]/P)/d(aW)]; hjW = 0.486
From th From the ‘From the
From Y, and From the Measﬁ)rg:i Sli) o Measured Slope/|Measured Slope
a/W | Egs. (1),(2), | Computed ot the p atthe | of the
(3), and (14) Derivative . Measuring- - |.. Calibration
Load Point NI AR Faes
Point Curve
0.20 5.1 5.7 4.6 52 | 6.0
0.30 6.6 6.6 6.6 7.6 8.1
0.35 7.3 7.3 7.4 8.2 h 9.1
0.40 8.2 8.2 8.2 9.5 9.7
0.50 10.2 10.3 10.0 111 11.9
0.60 14.0 14.0 13.2 12.6 14.2
CONCLUSIONS
® Normalized calibration curves of EB[COD] /P vs a/W determined fm'l'n'CT speci-
mens of varied thickness representing three alloy systems compare accurately with one
another.

® Therefore a “master curve’” from these calibrations can be used to determine crack
length with the ASTM E24.04 CT specimen.

® This COD calibration curve is not to be confused with the compliance curve, the
derivative of which can be used for the computation of fracture resistance K values.
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